Abstract: We have fabricated a field effect transistor (FET) based on an organic ferroelectric insulator and molecular conductor, and investigated the electrical properties and memory effects on the PEN-FET. We have observed a drastic change in the drain current at around the coercive electric field E c of the organic ferroelectric insulator in not only a FET (PEN-FET) based on a pentacene (PEN) film but also a FET (IPEN-FET) based on an iodine doped PEN film. The magnitude of the change of the drain current for the IPEN-FET is 200 times larger than that for the PEN-FET. It is expected from these results that the PEN-FET (especially the IPEN-FET) is an improvement in such devices, since it operates at a low gate electric field accompanied by the appearance of the spontaneous polarization in the organic ferroelectric insulator. In addition, we have found that the drain current for the PEN-FET does not return to the initial drain current of E G = 0 V/cm for more than one week, even if the gate electric field is changed to 0 V/cm from 500 V/cm(> E c ). From these results, it is suggested that the PEN-FET becomes a memory device.
Introduction
Recently, devices based on molecular materials, organic materials and biomaterials have been investigated, due to progress in nano-technology [1, 2] . In particular, functional devices based on molecular materials have been investigated with much interest [3, 4, 5] . Pentacene (PEN:C 22 H 14 ), which is one of the molecular materials, shows the following interesting properties: (1) PEN film prepared by sublimation on a glass substrate becomes a highly oriented layered film [6, 7] , (2) PEN doped with either a donor or an acceptor becomes an intercalation compound , and (3) by doping PEN, the electrical conductivity becomes more than 10 8 times larger than that of pure PEN film [8] . In addition, devices based on PEN have also been investigated recently with much interest [4, 5] . Most recently, we have fabricated a field effect transistor (FET) based on a ferroelectric insulator and pure PEN film, and have shown the possibility of developing a new type of FET based on molecular material [9] .
In the present work we have fabricated not only a FET (PEN-FET) based on an organic ferroelectric insulator and highly oriented PEN films but also a FET (IPEN-FET) based on the organic ferroelectric insulator and highly oriented iodine doped pentacene films. We have investigated the electrical properties for these devices and the memory effect for the PEN-FET.
Sample Preparation and Experimental Procedure

Organic ferroelectric insulator : Tri-glycine sulfate
Single crystals of tri-glycine sulfate (TGS) were grown by a slow evaporation method from an aqueous solution of glycine and H 2 SO 4 with a molar ratio of glycine (NH 2 CH 2 COOH) : H 2 SO 4 = 3 : 1 at 308 K. Large optical-quality transparent crystals were grown for these studies. Figure 1 shows the D − E hysteresis loop of the TGS single crystal observed at an applied electric field of 1.3 kV/cm at room temperature. In the present work, the D − E hysteresis loops of the TGS single crystal were measured by using the standard Sawyer-Tower method at room temperature. As shown in Fig. 1 , the TGS single crystal exhibits ferroelectricity at room temperature. The spontaneous polarization P S and the coercive field E c become 2.8 µC/cm 2 and 400 V/cm, respectively. This result indicates that a surface charge of about 10 13 /cm 2 is generated by an electric field of 40 mV/µm in the surface the dielectric material. This surface charge is 10 4 times larger than that of a dielectric material with a relative permittivity of 10 and therefore it is expected that by applying a low gate-bias voltage the depletion layer is generated easily at the interface between the ferroelectric insulator and the semiconductor. Moreover, the TGS single crystal shows another characteristic feature. The spontaneous polarization is parallel to the b axis and the cleavage plane is perpendicular to the b axis. That is, the spontaneous polarization is perpendicular to the cleavage plane. This fact is the most interesting feature of this crystal. By cutting out the TGS along the cleavage plane, we can prepare a high quality and very thin ferroelectric insulator. Figure 2 (a) shows the shape of the FET prepared in the present work. The TGS single crystal used is about 0.02 cm in thickness. Pentacene films were prepared on the TGS single crystal by sublimation. The deposition condition is very important for the preparation of the highly oriented pentacene film. Figure 3 shows the X-ray diffraction patterns observed at various substrate temperatures. It is evident that the orientation of the pentacene film strongly depends on the substrate temperature. Moreover, it is noted that the (00l) diffraction peaks observed below 301 K are split. These splits observed in the (00l) diffraction peaks are caused by stacking disorder or mosaic structure of pentacene molecules and therefore the existence of the split of the (00l) peaks indicates imperfection in the highly oriented pentacene film. It is also noted that the split of the (00l) peaks vanishes at the condition when the substrate temperature is 304 K. This result indicates that the pentacene film prepared at the substrate temperature of 304 K becomes a highly oriented film. Therefore, we have prepared the pentacene film at a substrate temperature of 304 K. Moreover, the structure of the pentacene film also depends on the film thickness and it is difficult to prepare the highly oriented film with a thickness above 500 nm. Therefore, in the present work, the thickness of the pentacene film was 200 nm. The deposition rate was 0.5 nm/s and Au film with a thickness of 20 nm was used as the drain, source, and gate electrodes. The interval between the drain and source electrodes is 25 µm.
Fabrication of PEN-FET and IPEN-FET
The IPEN-FET was prepared from the PEN-FET and iodine by the ordinary twobulb method ( Fig. 2(b) ). Doping of iodine to PEN was done in a vacuum of 10 Figure 4 shows the source-drain current i DS versus the source-drain voltage V DS characteristics in the linear region as a function of gate electric field E G . In Fig. 4 , the characteristic of the PEN-FET with TGS insulator which is in a polarized state with an initial polarization P (E G = 0) = −P S is shown. In the inset of Fig. 4 , we show the i DS − V DS characteristic for the condition of E G = 500 V/cm and V DS < 9.5 V. As shown in the inset of Fig. 4 , i DS increases linearly with increasing V DS below about V DS = 8 V and tends to saturate above V DS = 8 V. That is, the i DS − V DS characteristic consists of two regions: one is a linear region and the other is a saturation region. Moreover we note that, as shown in Fig. 4 , the drain current decreases with increasing gate electric field E G . In particular, it is noted that the conductivity estimated from the linear region of the i DS − V DS characteristic decreases drastically between E G = 100 V/cm and E G = 1000 V/cm with increasing E G . These facts indicate that the PEN-FET shows the characteristic feature of a p-type normally-on FET [10] . This result is consistent with that of another experiment for an MIS FET fabricated with pentacene [11] . Therefore it is indicated that the decrease of i DS with increasing E G results from the formation of a depletion layer at the interface between the TGS single crystal and the pure PEN film. Figure 5 shows the gate electric field E G dependence of the change portion of drain current δi DS . Here the value of δi DS is calculated by subtracting the i DS of E G = 2500 V/cm from i DS of each E G . As shown in Fig. 5 , it is evident that δi DS depends on the gate electric field E G , as follows: (1) initially, when decreasing the gate electric field E G from 0 V/cm, δi DS increases drastically at around E G = −100 V/cm and increases gradually below about E G = −400 V/cm (process (a) in Fig. 5 ), (2) when increasing E G from E G = −2500 V/cm, δi DS decreases drastically at around E G = 100 V/cm and becomes constant above around E G = 400 V/cm (process (b)), and (3) when decreasing E G from E G = 2500 V/cm, δi DS increases drastically at around E G = −100 V/cm (process (c)) and repeats processes (b) and (c) with changing E G . Thus, the gate electric field dependence of δi DS exhibits hysteresis. It seems that the hysteresis of the E G versus δi DS curve is caused by the ferroelectric hysteresis of TGS. Moreover, we also note that the coercive field E G = 400 V/cm of the TGS insulator corresponds to the gate electric field at which i DS changes drastically and then becomes constant. These results indicate that the change in δi DS is accompanied by the change in the polarization of TGS. Therefore, we deduce that the spontaneous polarization in the TGS insulator causes the a surface charge to be induced between the TGS and the pure PEN film. In addition, from these results it is also noted that the PEN-FET operates at a low gate electric field in spite of the fact that the thickness of the insulator is about 200µm. That is, by the rapid formation of the depletion layer due to the appearance of the spontaneous polarization, the PEN-FET becomes a p-type normally-on FET which behaves as a switch at low gate electric field. Therefore we suggest that by cutting the crystal thinly along the cleavage plane a FET based on the TGS single crystal and pure PEN film would operate at a yet lower gate-bias voltage.
Results and Discussion
Electrical properties of the PEN-FET
Electrical properties of the IPEN-FET
As described above, the PEN-FET shows a drastic decrease of i DS with increasing E G around 100 V/cm and becomes a FET which operates at low gate-bias voltage. However, the value of i DS and the change of i DS with increasing of V G are very small. In order to improve these imperfections, we have fabricated an FET (IPEN-FET) based on a TGS single crystal and iodine-doped PEN film which was prepared by doping into the PEN of the PEN-FET with iodine. Figure 6 shows the dependence of the source-drain current i DS on the source-drain voltage V DS in the linear region. In this measurement, TGS insulators in a polarized state with an initial polarization of P (E G = 0) = −P S were also used. We note that by doping of iodine to PEN-FET the values of i DS increase drastically to about 10 4 times larger than those of PEN-FET. Thus, we can achieve large i DS by doping with iodine. In order to display clearly the E G dependence of the i DS − V DS characteristics, in Fig. 7 we show the V DS dependence of the changed portion δi DS , which is calculated by subtracting the i DS of E G = 2000 V/cm from the i DS of each E G . It is evident that δi DS decreases with increasing E G . A similar broad fan of the δi DS − V DS dependence with increasing E G is observed as for the PEN-FET (Fig. 4) but the change in δi DS for E G is larger than that in the PEN-FET. Moreover, as shown in the inset of Fig. 6 , the i DS − V DS characteristic consists of a linear and a saturation region. Therefore, this decrease of i DS with increasing E G is caused by the formation of a depletion layer at the interface between the TGS single crystal and the iodine doped PEN film as seen in a p-type normally-on FET. From this result, it is noted that the δi DS for IPEN-FET is 200 times larger than that for PEN-FET. This result indicates that we can obtain a large δi DS by doping with iodine. Figure 8 shows the δi DS versus gate electric field E G characteristic of the IPEN-FET for V DS = 3.0 V. In Fig. 8 , the E G dependence of δi DS of the specimen in which the TGS insulators are in a polarized state with an initial polarization P (E G = 0) = −P S is shown. It is also noted that the changed portion of the drain current δi DS decreases drastically at around E G = 100 V/cm and becomes almost constant at about E G = 400 V/cm. Thus, the coercive field in the TGS insulator is close to the gate electric field at which δi DS becomes almost constant. Moreover, in the IPEN-FET the gate electric field dependence of δi DS exhibits hysteresis, as observed in PEN-FET. These results indicate that the spontaneous polarization in the TGS insulator leads to a surface charge induced between the TGS single crystal and the iodine doped PEN film. Therefore, we suggest that the IPEN-FET also operates at low gate voltage in spite of the fact that the thickness of insulator is about 200 µm, owing to the induced charge accompanied by the appearance of the spontaneous polarization. From these results, it is deduced that the IPEN-FET is an available device in which the electrical properties of the PEN-FET are further improved.
Memory effect in the PEN-FET
In addition to the electrical properties of the PEN-FET, we have investigated a memory effect in the PEN-FET. This result is observed after the gate electric field above coercive electric field is turned to 0 V/cm. Figure 9 shows the time dependence of i DS normalized by that at 0 V/cm (V G = 0 V) for the PEN-FET. The drain current in the PEN-FET increases slightly for about 2 days and becomes almost constant for more than one week even at E G = 0 V/cm. It was also found that this drain current returns to the value at E G = 0 V/cm by applying the coercive electric field in the reverse direction. Thus, the surface charge induced in the PEN-FET by applying an electric field above E c does not disappear even at zero gate electric field. These results imply that we can induce many surface charges at the interface between PEN and TGS even at zero gate electric field. These results indicate that the PEN-FET prepared in the present work shows a memory effect.
Summary
Field effect transistors (FET) based on an organic ferroelectric insulator and a molecular conductor have been fabricated and the electrical properties and memory effects of the prepared FET were investigated. It is found that both the PEN-FET and the IPEN-FET show the characteristic features for a p-type normally-on FET. It is found that the drain current around the coercive electric field of the organic ferroelectric insulator changes drastically in not only the PEN-FET but also the IPEN-FET. Moreover we have found that the change of the drain current for the IPEN-FET is 200 times larger than that for the PEN-FET. It is deduced from these results that the PEN-FET (especially the IPEN-FET) operates at a low-gate electric field accompanied by the appearance of spontaneous polarization in the organic ferroelectric insulator. In addition, we have found that the drain current for the PEN-FET does not return to the drain current at V G = 0 V for more than one week, even if the gate electric field is turned to 0 V/cm. From these results, we suggest that the PEN-FET shows a memory effect.
